The MODIS reflective solar bands (RSB) are calibrated on-orbit using a solar diffuser (SD) with its on-orbit degradation, or change in the bi-directional reflectance factor (BRF) monitored using a solar diffuser stability monitor (SDSM). By performing alternate observations of direct sunlight via an attenuation screen and of sunlight reflected diffusely off the SD, the SDSM monitors the on-orbit degradation of the SD. The MODIS SDSM has 9 detectors, covering wavelengths from 0.41 to 0.94 μm. Both Terra and Aqua MODIS instruments have successfully operated for more than 16 years on-orbit, with the SD experiencing significant degradation at the shortest wavelength (about 50% for Terra MODIS and about 20% for Aqua MODIS at 0.41 μm). The first VIIRS instrument on the Suomi NPP spacecraft was launched in October, 2011 and the follow-on instrument was launched in November, 2017 on the JPSS-1 spacecraft (now NOAA-20). Both the VIIRS instruments carry a MODIS-like SD and SDSM system with an improved design based on the lessons learned from MODIS. Unlike MODIS, the VIIRS SDSM collects data using 8 detectors covering a similar wavelength range as MODIS. A similar wavelength dependent SD degradation pattern is also observed in both VIIRS instruments. This paper provides a comparison of the on-orbit performance of the four instruments in terms of the on-orbit changes in the SDSM detector responses and on-orbit degradations of their SDs. The NOAA-20 VIIRS instrument is still in its first year of operation and hence the early performance of the Terra and Aqua MODIS and SNPP VIIRS is discussed to provide a perspective comparison.
INTRODUCTION
The MODIS instruments, on the Terra and Aqua platform, have a full complement of on-board calibrators to provide inflight radiometric, spatial, and spectral characterization.The on-board calibrators include a solar diffuser (SD), a solar diffuser stability monitor (SDSM), a blackbody (BB) and the spectro-radiometric calibration assembly (SRCA).
1 Measurements of the SD, with its on-orbit bi-directional reflectance factor (BRF) change tracked using the SDSM, provide an anchor point to facilitate the calibration of the reflective solar bands (RSB). Visible Infrared Imaging Radiometer Suite (VIIRS) is a follow-on MODIS instrument that has similar capabilities to perform the RSB calibration. 2 The VIIRS instruments were built by the same instrument vendor as MODIS and have 22 spectral bands: 14 RSB, 7 thermal emissive bands (TEB), and 1 day-night band (DNB). Although the wavelength range of the RSB is essentially the same, MODIS has 20 reflective solar bands, with additional spectral bands in the 0.90 to 0.94 μm range.
As expected, some of the lessons learned from the MODIS design have led to an improved SD and SDSM calibration mechanism for Suomi NPP VIIRS, launched in October, 2011. Since launch in November, 2017, the follow-on VIIRS instrument onboard the NOAA-20 (N20) spacecraft has been operating successfully and collecting useful data to support its on-orbit calibration and generation of various science products. As expected, it applies a similar SD and SDSM based calibration mechanism. The performance of the MODIS SD and SDSM has been extensively reported in previous work. The focus of this paper is the early on-orbit performance comparison of N20 VIIRS relative to SNPP VIIRS, Terra MODIS and Aqua MODIS for the first 180 days of operation. Also compared is the long-term (6.5 years) performance of SNPP VIIRS with Terra and Aqua MODIS on a similar timescale. The SD degradation for the four instruments is computed as a function of solar exposure so as to provide a common baseline for comparison. Also discussed in detail is the performance of the SDSM detectors.
Although the SD and SDSM calibration mechanism is common to MODIS and VIIRS instruments, instrument specific design and operational configurations need to be considered for a better understanding of their on-orbit performance.The MODIS SDSM tracks the SD degradation for wavelengths less than 1 μm using 9 detectors whereas VIIRS SDSM performs this activity via 8 detectors, each with a corresponding set of bandpass filters. 3, 4 The data in SDSM is obtained from three view positions: 1) Attenuated sun view; 2) Illuminated SD view (with SD screen in place for VIIRS and optional configuration for MODIS); 3) dark view to measure the background signal. A common behavior across the four instruments is the greater degradation of the SD at shorter wavelengths and greater response degradation of the SDSM detectors at longer wavelengths. At the time of this writing, Terra MODIS SD has experienced most degradation of around 50% at 0.41 μm, compared with 20% for Aqua MODIS and 40% for SNPP VIIRS. At 0.41 μm, the N20 VIIRS has shown a SD degradation of about 9% in the first 180 days of operation, which is better performance (less degradation) compared to the SNPP SD on a similar timescale.
SDSM SYSTEM AND ON-ORBIT OPERATION
The SDSM consists of a spherical integrating source (SIS) with a single input aperture and nine (8 in the case of VIIRS) filtered detectors. Each filter has a narrow spectral bandpass so that change in SD reflectance is effectively monitored at discrete wavelengths from 0.4 μm to 1.0 μm. A three-position fold mirror enables the SDSM detectors to sequentially view the direct sunlight, dark signal, and the illuminated SD. The direct sunlight is attenuated via a 1.44% transmitting screen (0.1% attenuation in the case of VIIRS) to keep the radiance within the dynamic range of the SDSM's detectors. The mapping of the MODIS and VIIRS detectors to wavelengths is shown in Table I . It can be noted that MODIS SDSM detector 8 (0.904 μm) is absent from VIIRS. The 0.904 μm detector maps to MODIS band 17 which has a similar wavelength, but is not present in either VIIRS instrument. The first seven VIIRS SDSM detectors are filtered to measure the degradation of the same wavelength centers as the bands M1-M7. The MODIS and VIIRS SDSM have been operated regularly via command uploads to the spacecraft. Table II provides a summary of the MODIS and VIIRS SDSM operation frequencies throughout the mission. During the early on-orbit checkout stages, the SDSM was operated more frequently (per-orbit to daily basis) to accurately characterize the initial degradation of the SD. The frequency of operation is gradually reduced as the missions progress in an attempt to prolong the operability of the SDSM beyond its design life. In absence of SDSM operation, the MODIS SD door is closed to prevent the SD panel from solar exposure. At present, a typical collect for Aqua MODIS includes an orbit of close calibration (SD door open and SD screen deployed), followed by an orbit of open calibration (SD door open and SD screen up). A similar sequence of operation was also followed in the first four years of Terra MODIS operation, until an anomaly with the SD door forced it to be left permanently open with the SD screen deployed. As currently implemented, the time-interval between the turn-on and turn-off of the SDSM is about 9 minutes for both MODIS instruments. In the case of VIIRS, there is no SD door and a solar attenuation screen is permanently in place in front of the SD panel. The duration of the SDSM collect is comparatively shorter, approximately 5 minutes for SNPP VIIRS and 3.25 minutes for N20 VIIRS. Normally, the SDSM collects data using alternate views of the SD and Sun. However, in the case of MODIS, it has also been operated in a fixed mode where it views the SD for a prolonged duration during the open calibration and the Sun during the close calibration. 
ESTIMATION OF SD DEGRADATION
A time-series of the ratio of the SDSM SD view response to its Sun view responses is used to determine the on-orbit degradation of the SD. While determining the SD degradation, the SDSM can be treated as a ratioing radiometer therefore canceling out the on-orbit changes and fluctuations in the gain of SDSM detectors, degradation of the optics as well as any changes in the electronics gain. The SD degradation at SDSM detector i, Δ i , is tracked using the ratios (normalized to the first on-orbit SD/SDSM calibration) of its SD view response (dc 
As noted earlier, the SDSM has an attenuation screen permanently in place for the Sun-view. In the case of two MODIS instruments, the transmission of this attenuation screen was not characterized prior to launch. A design error in the SDSM sub-system, not discovered until post-launch, resulted in significantly large ripples appearing in the SDSM Sun view responses of all 9 detectors. To mitigate the impacts of these ripples on the monitoring of the SD degradation, a normalization approach was formulated during the early months of Terra MODIS operation. As the observed ripples exist in all the SDSM detector responses, normalization is made relative to SDSM detector 9 at 0.94 μm, with the assumption that the degradation at this wavelength is extremely small. 5 In parallel, a modeling effort to characterize the Sun-view response was also conducted. 6 As the MODIS missions have continued to operate over a decade beyond their designed life, measurable degradation ( 1% for Terra MODIS and about 0.5% for Aqua MODIS) has been observed at 0.94 μm (detector 9). To account for this, an additional correction for the degradation of SDSM detector 9 has already been incorporated in the calibration algorithms for both instruments. Many lessons from the MODIS design and its on-orbit performance have been incorporated into the VIIRS design and testing. The SDSM Sun-view response screen function was characterized prior to launch and the characterization was improved on-orbit using additional information from the yaw maneuvers. 8, 9 As a result, the SDSM Sun view response for the VIIRS instruments is devoid of the ripples in the signal. The SD degradation in the VIIRS instruments (also referred to as H-factor), includes the transmission functions for both the Sun view screen (τ SUN ) and the SD view screen (τ SD ), the initial BRDF of the SD panel (BRDF 0 ), and a projection correction of the sunlight onto the SD panel cos(θ inc ) and is expressed as
In the above expression, N i is the number of scans where the SD is fully illuminated. Figure 1 shows the background corrected Sun-view (blue) and SD view (black) responses for SDSM detector 1 (0.412 μm) plotted as a function of elevation angle (degrees). All the trends shown in Figure 1 cover the duration when the SDSM is operating. As noted earlier, the MODIS SDSM operation is a few minutes longer than VIIRS. As discussed earlier, the artifact due to the misalignment of the MODIS Sun-view screen manifests in the form of ripples as seen in Figure 1 . A similar behavior is also observed in Terra MODIS. The SDSM D9 normalization approach has worked effectively in mitigating the impact of the observed artifacts and the longevity of the SDSM measurements further reduces the uncertainties associated with the estimation of SD degradation. The effects of the improved Sun-view screen characterization can be observed in both VIIRS instruments that show a very uniform profile of the Sun-view across the elevation angle range of interest. Currently, both VIIRS instruments use the screen characterization function derived from the yaw maneuvers, supplemented with some on-orbit measurements for better coverage of the angular ranges. The difference in the SD response between SNPP and N20 VIIRS is due to the SDs degradation (about 40% at 0.41μm) after 6+ years on-orbit.
The degradation of the SD panel is known to be primarily due to exposure to solar UV light, which has two optical paths to get onto the SD panel: directly via the SD door and scattered light from Earth's atmosphere via the nadir (Earth view port). In the case of the two MODIS instruments, the scattered light from the nadirport is the dominant source of degradation due to the design of the scan mirror. On the contrary, the rotating telescope assembly (RTA) in the VIIRS instruments has improved baffling therefore minimizing the effects of the scattering via the Earth view port. As the four instruments are operating on different timescales, the optimal way to compare the SD degradation is to model it as a function of the solar exposure time. The gain degradation of the SDSM detectors can be evaluated using the time-series of Sun-view measurements for each individual detector after applying the necessary corrections. A comparison of the SDSM detector gain change on-orbit is performed for the four instruments.
RESULTS AND DISCUSSIONS
As the four instruments have varying operational timelines and configurations, an evaluation of the SD's degradation needs to be performed carefully. The results are divided into two timelines: a) the first 180 days of N20 VIIRS on-orbit performance compared with SNPP VIIRS and Aqua MODIS and b) the first six years on-orbit performance of SNPP VIIRS compared with the two MODIS instruments. For each instrument (SDSM detector), the SD degradation versus solar exposure (hours) is calculated independently. Figure 2a shows the SD degradation for SDSM detector 1 (of both MODIS and VIIRS instruments) plotted as a function of solar exposure. While Aqua MODIS and SNPP VIIRS have both experienced greater than 30 hours of solar exposure, the plot below has been truncated to compare with N20 VIIRS. Aqua MODIS has least degradation during the initial few years as the SD door is only opened during a scheduled SD calibration. On the contrary, SNPP VIIRS does not have a SD door and as a result experiences more degradation. As of June 20, 2018, N20 VIIRS SD has degraded up to 9% at the 0.41 μm wavelength, about 3% lower than SNPP on a similar timescale. Figure  2c shows similar results for the 0.74 μm detector that shows very minimal (<1%) degradation for the VIIRS instruments and even smaller for Aqua MODIS. Although the SD degradation for MODIS is derived using the normalization approach, some residual oscillations still exist in the SD degradation trend across all detectors. As discussed earlier, the improved SDSM screen alignment in the VIIRS instruments has manifested into a smoother time-series of SD degradation measurements as compared to MODIS. The SNPP and N20 VIIRS SD screen characterization has been performed using a combination of measurements from the yaw-maneuvers, supplemented by regular SD calibration events to provide a better angular coverage. In Figures 2b and 2d , similar results for SNPP VIIRS and MODIS instruments are plotted corresponding to the first 250 hours of solar exposure (over the lifetime of SNPP operations). As expected, Terra MODIS that now operates in an SNPP-like configuration has more solar exposure, accentuated after the SD door anomaly of 2003, after which it effectively operates like a VIIRS instrument with solar exposure from the SD door every orbit. In general, a consistent trend of more SD degradation at short-wavelengths, albeit of varying magnitudes, is observed across the four instruments.
In Figure 3 , the cumulative degradation of the SD for the MODIS and VIIRS instruments is shown. In the first six months on-orbit, it is clear that SNPP VIIRS SD has experienced most degradation at wavelengths less than 0.6μm. At wavelengths greater than 0.6μm, a consistent behavior is observed between the two VIIRS instruments. Over a longer-time scale, Terra MODIS has experienced the most degradation, as seen in Figure  3b , primarily due to the prolonged solar exposure after the SD door anomaly. SNPP VIIRS, operating in a similar configuration, also exhibits over 40% degradation (at 0.41μm) of its SD after six years on-orbit and N20 VIIRS SD is also expected to follow a similar pattern. The SDSM detector's wavelength coverage restricts it from tracking the SD's degradation at SWIR wavelengths. On-orbit lunar measurements as well as Earth-view measurements for both instruments have confirmed up to 1% degradation of the SD at 1.2 μm (with Terra MODIS SD showing the largest degradation) and less than 1% for longer SWIR wavelengths. Consequently, an empirical model based on the SDSM measurements is used for the MODIS and SNPP VIIRS instruments to track the SD's degradation at SWIR wavelengths.
11, 12 A similar approach is also planned for N20 VIIRS in the future.
One of the other important metrics that needs to be monitored is the performance of the SDSM's detectors. Although the SDSM acts as a ratioing radiometer to effectively cancel out the effect of on-orbit detector gain changes on the estimated SD degradation, long-term performance monitoring of the SDSM detectors is warranted. Due to its degradation, the SD cannot provide an accurate gain change of the SDSM detector, especially at short wavelengths. Therefore, the normalized Sun-view response, corrected for background, view geometry parameters, and earth-sun distance is used to estimate the long-term gain change of the SDSM detectors. In the case of MODIS, the artifacts due to the SDSM Sun-screen misalignment add additional uncertainty to the trending; however, the longevity of the MODIS missions facilitates a reasonable estimation of gain of the SDSM detectors. Figure 4a shows the normalized gain (Sun response trending) at 0.41 μm for the two VIIRS instruments and Aqua MODIS for the first 200 days. Figure 4c shows a similar trending for the last SDSM detector (D9 for MODIS and D8 for VIIRS at 0.93 μm). Previous work has documented that the most gain degradation for the SDSM detectors occurs at the longer wavelengths due to high energy protons. 13, 14 The normalized gain trends for the D1 and D8 shown in Figures 4a and 4c reaffirm this previous observation where the N20 VIIRS, with a similar SDSM design follows closely with the SNPP VIIRS for both detectors. A maximum of 18% change in the gain is observed for SNPP after 180 days on-orbit with N20 VIIRS gain also projected to change by a similar magnitude. In contrast, Aqua MODIS SDSM detectors did not show significant gain change in the first 180 days on-orbit. In Figures 4b and 4d , a multi-year gain trend for the detectors 1 and 8 of SNPP VIIRS and the corresponding detectors (D1 and D9) of MODIS are plotted. In order to compare the trend with SNPP, only the first six years of Terra and Aqua MODIS data is presented. While the two MODIS instruments show reasonable agreement in terms of gain change after 6 years on-orbit, the normalized gain for SNPP VIIRS SDSM D8 has experienced up to 10% more degradation. Figures 5a and 5b show the cumulative gain change across all SDSM detectors after 180 days and 6 years on-orbit respectively. All four instruments exhibit a consistent trend with the largest gain change at NIR wavelengths. Radiation testing was performed prior to launch at three levels and the degradation at 0.9μm was determined to be similar to that observed on-orbit. With SNPP's (and N20) orbit (824 km) higher than Aqua and Terra (705 km), the radiation environment is known to be roughly 2x higher than the Aqua and Terra orbits for proton flux. This is a likely explanation for the large gain change in SDSM detectors in VIIRS as compared to MODIS. 
SUMMARY
A brief overview of the MODIS and VIIRS SDSM design, their on-orbit operation and calibration strategies is presented in this paper. The comparison of the SNPP and N20 VIIRS on-orbit performance, in terms of changes in SD BRF and SDSM detector responses, with the two MODIS instruments is presented. A common behavior of more SD degradation at shorter wavelengths is observed across the four instruments. Due to its operational configuration, Aqua MODIS SD experiences lower solar exposure compared to SNPP VIIRS and Terra MODIS. As a result, the observed degradation of the SD is also smaller compared to SNPP and Terra MODIS. The MODIS and VIIRS SDSM detectors are from the same manufacturer and also show similar behavior on-orbit. The normalized gain, computed using the Sun-view response, for each instrument reveals long-term response degradation for the NIR detectors, with most degradation observed in SNPP VIIRS.
